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Abstract: High-redshift (z) proto-clusters will serve as testing grounds to probe the gas sup-
ply furnishing the emerging metals, stars, and large-scale structures we see at the current epoch.
This work focuses on the major role large radio/millimeter (mm) single dish facilities will have in
constraining the bulk, cold (T = 101−4K) molecular and atomic gas content. To highlight the need
for large radio/mm single dishes, we calculate how the high-sensitivity of the Green Bank Tele-
scope’s (GBT) unblocked 100m aperture provides vital interferometric short-spacing coverage to
support higher-resolution ngVLA observations of the cold neutral gas at the largest scales. These
combined observations are optimal for revealing low-surface brightness emission, and thus aid in
the total baryonic mass estimates across cosmic time.
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1. Introduction
The multi-phase gas distribution within/surrounding proto-cluster environments requires ob-
servations that will transform our understanding of how high-redshift (i.e. z > 1) galaxies form
within local cluster and filamentary structures. The rapid development in space-based IR/sub-mm
facilities, such as the Origins Space Telescope (Origins), will yield the most important spectral line
diagnostics of the warm and dense star-forming gas (T > 100 K; nH2 > 10
4). In order to probe the
cooler, and more diffuse, cosmic gas supply, future ground-based efforts in the mm/radio will be
required.
In the previous decade, cool molecular/atomic gas studies at high-z have concentrated on in-
dividual Active Galactic Nuclei (AGN) or massive star-forming systems, with bright infrared (IR)
luminosity, i.e. LIR > 1012.5 L [Carilli & Walter (2013)]. Currently, many high-z systems have
low/mid-J transitions, tracing primarily molecular gas associated with ongoing SF, resulting in
bulk gas estimates sensitive to the uncertainties in the scaling relations developed for field galaxies
[Tacconi et al. (2018)]. Recently there has been an increase in high-resolution imaging of cool
gas with the VLA and ALMA, while the cold gas supply from the CGM/IGM that is funda-
mentally responsible for fueling the rapid stellar-mass growth and metal enrichment has yet to
be mapped systematically in galaxy proto-clusters. Technological advancements in the coming
decade will overcome the challenges in observing this low-surface brightness emission across the
largest spatial scales, yielding the required comparisons to detailed cosmological model predic-
tions [Hayward et al. (2013), Sparre et al. (2015), Sparre et al. (2017)].
Figure 1: First results from the IllustrisTNG (TNG300); [Springel et al. (2018)]. Top: From left
to right, the dark matter distribution at z =0, 1, 3. The color bar range for δDM + 1 is 0.01 to 100.
Bottom: From left to right, the stellar mass distribution at z =0, 1, 3. The color bar range for
δ? + 1 is 0.1 to 100. The baryonic (dark matter) mass resolution is 7.44×106h−1 (3.98×106h−1)
M, with a box side length of 205h−1 Mpc and thickness of 25h−1 Mpc
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Figure 2: From Narayanan et al. 2015; [Narayanan et al. (2015)]- Theoretical molecular gas con-
sumption in central galaxy during a dusty starburst phase, as predicted for a bright submillimeter
galaxy (SMG). Colors mark the median scale height from the center of mass in the galaxy.
Star-forming galaxies mostly form in groups or clusters within massive dark matter haloes ∼
1011−13M, and the clustering of baryonic gas is predicted to be stronger than the dark matter
distribution at z ∼ 3 [Springel et al. (2018)] (IllustrisTNG; Fig.1). In particular, observations of
the large-scale distribution of cool neutral gas within the circumgalactic or intergalactic media
(CGM;IGM) at high-z will reveal (i.) the fueling processes involved in the rapid stellar mass
growth at z ∼ 3-6 which led to ∼50% of the total galaxy population at z ∼ 2 having already
quenched their SF activity [Toft et al. (2014)] and (ii.) the total bulk molecular gas mass and role
of IGM gas accretion in fueling the co-moving SFR density peak at z ∼ 1-3.
2. Gas Rich Environs of Proto-clusters
The coalescence of proto-clusters occurs during the peak epoch of the co-moving star-formation
rate (SFR) density at 1 < z < 3 [Overzier et al. (2016)]. Although observations of the cold
gas supply from the IGM has not been fully explored, galaxy proto-clusters are likely respon-
sible for explaining the massive-end of the red sequence of galaxies with quenched SF within
massive galaxy clusters at low-z [Bell et al. (2004)]. Overdense fields at high-z can exhibit a di-
verse clustering of Ly-α emitters (LAEs) out to 10s of Mpc, with dusty star-forming galaxies
clustering at the cores of such systems [Matsuda et al. (2005), Umehata et al. (2015)]. In addi-
tion, low surface-brightness gas may form as the CGM/IGM cools outside of the hot perimeter of
the extended Ly-α emission (> 10s-100 kpc) observed in QSOs and strong LAEs at z ∼ 2 − 3
[Arrigoni Battaia et al. (2018), Cai et al. (2017)].
A large number of massive over-dense regions at z>1 have been identified using the all-
sky Planck colors [Planck intermediate results. XXVII, (2015), Clements et al. (2014)], while the
past five to ten years has seen a growing number of proto-cluster studies [Aravena et al. (2012),
Tadaki et al. (2014), Hayashi et al. (2017), Noble et al. (2017), Stach et al. (2017), Rudnick et al. (2017),
Lee et al. (2017), Coogan et al. (2018), Hayashi et al. (2018)]. One such example includes the
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radio-selected z =2 proto-cluster, the Spiderweb [Dannerbauer et al. (2014), Emonts et al. (2016),
Emonts et al. (2018), Gullberg et al. (2016)], within which individual proto-cluster galaxies have
a velocity dispersion, σgalaxy ∼ 1000km s−1, and cold CO (1-0)-emitting gas spread across more
than 50 kpc (with σCO ∼ 200km s−1). Observations at z ∼ 4 reveal several starbursting galaxies
which dominate the rapid stellar mass assembly ( LIR > 1014L) of a concentrated proto-cluster
environment that encompasses 140-280 kpc [Oteo et al. (2018), Miller et al. (2018)]. Depending
on the available gas in the IGM, this galaxy may proceed towards being one of the most massive
structures of the local Universe.
Most recently, [Casey et al. (2018)] have emphasized the importance of CO(1-0) to trace the to-
tal molecular gas, as even the CO(2-1), and certainly the CO(3-2), line emission can begin to trace
spatially distinct, and denser gas regions (also see e.g. Ivison et al. 2011, Oteo et al. 2016, 2017).
This ultimately biases dynamical mass estimates. Theoretically, both the atomic carbon and CO(1-
0) trace similar volumes within gas clouds, and recently the atomic carbon line has been developed
as a total gas mass tracer [Papadopoulos et al. (2004), Weiss et al. (2005), Glover et al. (2016)].
Since CO(1-0) has an energy requirement of 5.5K above ground, the gas in the CGM can also be
excited by the CMB at higher redshift if not shielded, making multiple low-J and [CI](1-0) emis-
sion line maps useful to measure the CMB effects [Zhang et al. (2016), da Cunha et al. (2015)]
when viewed on the largest scales in-between galaxies. This is of particular importance for
molecular gas that eventually breaks down into atomic form when ejected/stripped from a galaxy
[Leroy et al. (2015)].
Fig. 2 Right, adopted from [Narayanan et al. (2015)], shows the strong rise, with increasing red-
shift, of the gas consumption-to-stellar-mass assembly of a galaxy, excluding the gas that may
escape the system into the CGM/IGM. The relative scale height for the molecular gas, before it is
re-accreted, oscillates as the redshift increases until the peak epoch of co-moving SFR density. In
these cosmological, hydrodynamical zoom simulations there is a one to two order of magnitude
increase in molecular gas mass consumed by a typical dusty, star-forming galaxy between z ∼ 5.5-
2.5 [Narayanan et al. (2015)], suggesting that the increased molecular gas mass that is processed
by an individual galaxy is fueled by the available supply from the in-flowing gas at distances much
greater than the scale heights of the measured central galaxy (>> 10 − 100 kpc). The most mas-
sive growth events for a proto-cluster, occuring at z ∼ 5.5- 2.5 (e.g. Chiang et al. 2017), mark
the most dynamic interplay between baryonic cooling, dark matter collapse, and the hierarchical
growth processes across cosmic time.
3. The Need for Large radio/mm Single-Dishes in the Next Decade
The 100m, unblocked aperture Green Bank Telescope (GBT) will serve as a leading single-dish
facility in the coming decade, providing the essential interferometric short-spacing, swift mapping
speeds and consistent sky frequency coverage as the VLA/ngVLA to detect the low-surface bright-
ness emission from extended cold gas.
Large single-dishes complement interferometers by enabling science on spatial scales that are
resolved out by interferometers, and the GBT is the only facility currently operating over the full
range of proposed ngVLA frequencies (1-116 GHz). The previous decade has recently outgrown
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Figure 3: Left: Relative sensitivity in flux density at 30 GHz for the same amount of integration
time as a function of spatial scale: Both dotted lines show the sensitivity of the GBT with cur-
rent technology (upper dotted) and with the expected improvement of a factor of two with future
background-limited bolometer spectrometers (lower dotted line); the ngVLA (dashed line) has ex-
cellent sensitivity on small scales, but poor sensitivity on large scales even with the inclusion of the
planned ngVLA SBA+TP data (dashed-dotted line). The combination of GBT and ngVLA data
(solid lines) provides the best sensitivity over all spatial scales. Right: The relevant physical scales
are shown with respect to the spatial scales on the left; [Tumlinson et al. (2017)] ”A cartoon view
of the CGM.”
the era of limited bandwidth1, and the door is now open to investigate the total gas contents of
merger or cluster environments with atomic/molecular emission line profiles having full width at
zero-intensity (FWZI) ≥ 1000 km/s [Harris et al. (2012)]. Large volumes of redshift-space can be
observed with increased spectrometer bandwidth capability. The GBT will specifically be able to
systematically map the redshifted atomic carbon [CI](1-0), CO(1-0; 2-1; 3-2) line emission sur-
rounding the most massive, over-dense regions of gas-rich star-forming systems between about 3.3
< z < 5.6. In doing so, the GBT will also be able to search for the existence of previously un-
detected, low-excitation, gas-rich systems with dimmer LIR than dusty star-forming systems, yet
with comparable gas mass (see remark by Carilli & Blain, 2002).
4. The Combination of the GBT with the ngVLA
To highlight the importance of the GBT for the future of radio astronomy, we estimate the
relative sensitivity of the GBT compared to the proposed ngVLA as a function of spatial scale at
30 GHz, corresponding to redshifted CO(1-0) emission at z = 2.8 (Fig. 3). The sensitivity of the
ngVLA visibilities were computed using the appropriate weights associated with tapering the data
to match the spatial scale (ngVLA Memo#14;[Frayer et al. (2017)]), assuming the updated 2018
ngVLA reference design (214 x 18m dishes). The sensitivity of the ngVLA falls off exponentially
for sources larger than about 1 arcsec. The ngVLA project plans to provide short-spacing data
by using a Short Baseline Array (SBA) comprised of 19 6m dishes and four 18m dishes in total-
1Spectrometers used to have equivalent velocity coverage of ≤ ±1000 km/s, i.e. only encompassing the total
emission line, and could therefore miss a significant amount of flux for a FWZI of 750 km/s or greater (i.e. for
ν < 250GHz;receiver bandwidths are even smaller for higher frequency).
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power mode (TP). The combination of the SBA+TP data from the ngVLA project would be nearly
an order of magnitude less sensitivity than GBT with current technology, and more than a than
an order of magnitude less sensitive using future background-limited bolometer spectrometers that
can be deployed only on single-dishes (e.g., Branford et al. 2008, SPIE, vol 7020, 70201O with
TES bolometer technology and/or potentially using the newer MKID bolometer technology). By
itself, the ngVLA will only be useful for observing emission on the smallest spatial scales. To
study larger spatial scales, e.g., >∼ 10 arcsec (> 75 kpc at z =2–3), the GBT (or a similarly sized
single-dish) would be needed, in addition to the ∼ 6” ATCA beam-size (Emonts et al. 2018). The
combination data from the GBT and the ngVLA would provide the highest envisioned sensitivity
over all spatial scales (Fig. 3). With the ngVLA+GBT, we will be able to study galaxy formation
over spatial scales ranging from 10s of pc to more than 100 Mpc.
5. Outstanding Questions and Outlook for 2020-2030
The combination of the GBT, and other large single dish radio/mm facilities, with the ngVLA
will provide a powerful instrument capable of addressing the following open questions (in no par-
ticular order):
• How does the gas depletion time, i.e. the ratio of the total molecular gas mass to star-
formation rate (SFR), change as a function of spatial proximity to a proto-cluster core?
• A possible gradient in the excitation conditions of the gas in a diverse population of galaxies
(e.g. an overdensity of both LAEs and SMGs) within co-moving volumes on the order of 10s of
Mpc has been largely unexplored. How would the gas excitation conditions differ within the in-
terstellar medium of a high-z cluster member vs. the global cluster-scale excitation? And, how is
this (un)affected by the variations in these diagnostics across the CGM/IGM of a massive gas-rich,
proto-cluster environment?
• How does the brightness temperature ratios of low-density gas tracers (nH2 < 101−3 cm−3),
i.e. carbon and low-J CO, depend on the CGM (> 10s− 100s kpc) of a QSO versus a SFG?
• How enriched (e.g. X([CI])/X(CO) abundances) is the CGM/IGM with respect to a field or
cluster galaxy, and to what extent can a cloud self-shield itself in the CGM/IGM? It is likely that
carbon and CO abundances would diminish with growing distances from proto-cluster core, but
can dense gas that is stripped during galaxy mergers retain its composition before being captured
by a gas stream or galaxy in the CGM/IGM? What processes play a dominant role in the increased
ram-pressure stripping [Bekki et al. (2009), Ebeling et al. (2014), Darvish et al. (2018)]?
• The low-excitation gas traced by mm/radio facilities at 0.1-10s Mpc scale will aid large field
of view observations in the IR/sub-mm (e.g. Origins) of the more highly excited gas (including
SF/AGN feedback) in the CGM/IGM at z > 1.
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Other Astro2020 science white papers (Casey et al. 2018; Emonts et al. 2018) also highlight the
importance of this area of research. Strong progress and conclusive observations will be made in
the coming decade with regards to the thermodynamic atomic/molecular gas properties within and
surrounding the z > 1CGM/IGM. Studying the total gas content of the rapidly forming progenitors
of clusters and filaments of galaxies at z ∼ 0 requires sensitive single-dish observations. These
necessary measurements will then place the tightest dynamical mass constraints on the baryonic
fraction in dark matter halos. Interferometers, by themselves, cannot study the distribution of gas
on large spatial scales because the low-surface brightness emission will be resolved out. Therefore
single-dish facilities will continue to advance our understanding of the coolest atomic/molecular
gas from the interstellar to intergalactic territory at z > 1.
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